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A COMPARTISON OF THE AERODYNAMIC CHARACTERISTICS AT
TRANSONIC STPEEDS OF FOUR WING-FUSELAGE CONFIGURATIONS
AS DETERMINED FROM DIFFERENT TEST TECHNIQUES

By Charles J. Donlan, Boyd C. Myers, I1I,
and Axel T. Mattson

SUMMARY

A comparison is made of the high-speed aerodynamic characteristics
of & family of four wing-fuselage configurations of 0°, 35°, 45°, and.
60° sweepback as determined from transonic-bump model tests in the
Langley high-speed 7- by 10-foot tumnel, sting-supported model tests in
the Lengley 8-foot high-speed tunnel and in the Langley high-speed T-
by 10-foot tunnel, and rocket model tests conducted by the Langley
Pilotless Aircraft Research Division. A complementary study of the
effect of Mach number gradients and streamline curvature on bump results
is also included.

It was found that qualitatively the data obtained from the wvarious
test facilities for the wing-fuselage configurations were in essentisal
agreement as regards the relative effects of sweepback and Mzch number
except for drag at zero 1ift. Quantitatively, important differences
were present, Lift-curve slopes as determined from bump tests tended
to be somewhat higher than sting-model data iIndicated, with consequent
differences occurring in drag due to 1ift. Fuselage-alone dreg and
ving-~-fuselage drag as obtained by the bump method were found to be
unreliable particularly at Mach numbers above 1.0, but wing-slone drag
data were found to be in surprisingly good agreement with available

(rocket model data throughout the transonic speed rsnge. Aerocdynamic- ‘\

center position as determined from bump data was generally more rearward
than sting dats indicated, especially for the 60° configuration. Some /
of this effect has been attributed to the effects of Mach number gradi-
ents and flow curvature over the bump. It wass evident, however, that

for configurations for which aerocelastic effects were important the
relative flexibility of the models used in the wvarious facilitiles
accounted for part of the differences in results.
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INTRODUCTION

As part of & transonic research program recommended by an NACA
Speclal Subcommittee on Research Problems of Transonic Aircraft Design,
a seriep of wing-fuselage configurations has been investigated in the
Langley high-speed T- by 10-foot tumnel using the transonic-bump method.
Publication of these data was expedited despite uncertainties concerning
the technigue, because it was belleved that such data would at least
afford quelltative guldance to the alrcraft designer. While direct com~
periaon of these data with data obtalned by other methods is sti1ll limited,
recent investigations of several geometrically similar sgting-supported
models of this series in the Langley 8-foot high-speed tunnel and in the
Langley high-speed T- by lO=foot tunnel permit a comparison of the
results at subsonlc Mach numbers up to approximately 0.95 and at &
supersonic Mach numwber of 1l.2.

The purpose of this paper 1s to present a comparison of bump data
and sting-supported model dats for four wing-fuselage configurations of
the primary transonic series, corresponding to the o° s 35 h5 , and
60° configurations described, respectively, in references 1, 2, 3,
end 4., Included in.the data for the h5 configuration are some drag
comparisons at zero lift obtained from a rocket model investigation : -
conducted by the Langley Pilotless Aircraft Research Division. Some
effects of aeroelssticity are also discussed imasmuch as such effects
are important in comparing data obtained from different test facilitiles.

[

The paper alsoc presents the results of a complementery experimental
Investigation conducted in the Langley high-speed T- by 10-foot tunnel
to determine the extent to which bump model results are affected by
such factors as flow curvature and Mach number gradients.

SYMBOLS

CL, 1ift coefficient (Twice semispan lift/qS or Total 1ift/qS)
Cp drag coefficient (Twice semispan drag/qS or Total drag/qS)
ACD total drag coefficient minus drag coefficlent at zero 1ift

Cn pltching-moment coefficlent, referred to 0.25T

(Twice semispan pitching moment/qs_ or .

Totel pitching moment/qST)

q effective dynamic pressure over span of model, pounds per
square foot %pve

TN
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S © twice wing area-of'semispan model or wing area of full-span
model -

0

mean aerodynamic chord (M.A.C.) of wing based on relationship

> [b/2 . .
< f c?dy (using theoretical tip)
o ) _

S N
c local wing chord
b twice span of semispan model or span of full-span model

¥y spanwise distance from plane of symmetry

air density, slugs per cubic foot

v airspeed, feet per second

M effective Mach number over span of model

My . local Mach number

Mg average chordwise local Mach number

R Reynolds numbér of wing based on T

a : angle of attack, degrees

L total 1ift load on wing, pounds

A angle of sweepback, relative to c/b line

A effective sweep angle at any spanwise station, referred
to c/b

Subscripts:

L =0 &t zerd lift

m messured value
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PART I - BASIC DATA COMPARISON
SCOPE

A comparison is made at several subsonic Mach numbers (0.70, 0.80,
0.85, 0.90, and 0.93) and one supersonic Mach number (approx. 1.2} of
the 1ift, dreg, and pitching-moment characteristics of four wing-
fuselage combinations of 0°, 35°, 4L5°, and 60° sweepback as determined
from transonic-bump tests of semlispan models and sting-supported wind-
tunnel models.  Most of the transonic-bump data used in the comparison
have been taken from published papers (references 1 to 6), although
additional bump data for the 0° and 45° configurations obtained subse-
quent to the original investigations are presented herein for the first
time. The wind-tunnel data for the L45° configuration as determined in
the Langley 8-foot high-speed tumnel were taken from reference T. More
complete datae than that included herein for the cother sting-supported
wind-tunnel models are belng obtained.

For the h5° configuration, a comparison of the drag at zero 1lift
is also made with the results of a rocket model investigation of the _
same configuration (reference 8).

For the h5°.and 60° configuratlons, static deflecticon measurements
were made for simulated loading conditions end estimated sercelastic
corrections were evaluated for the lift-curve slope and serodynamic-
center position for the bump models and sting-supported models, '

REVIEW OF TEST TECHNIQUES

The test technligues employed in obtaining most of the experimental
data included in this comparison involve two basic methods: (1) the
transonic-bump method employing semispan models asnd (2) the conventionsl
wind-tunnel method employing full-span sting-supported models. Repre-
sentative Reynolds numbers for the various testing facilities are gilven
in figure 1. For the most part, only the essential points of the tech-
niques will be reviewed in this sectlon, inasmuch ae appropriate refer-
ences will afford sources for details. :

Bump Tests

Method.- The transonic-bump method as used in the Langley high-
speed T- by 1l0-foot tunnel is described in reference 1. This method of
testing involves the placement of a small model in the high-velocity-flow

e
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field generated over a curved surface and is an outgrowth of the NACA
wing-flow method (reference G). Typical contours of local Mach numbers
in the vicinity of the model location on the bump are plotted in fig-
ure 2(a). Outlines of the A =0° and A = 60° wings have been super-
imposed on this diagram in order to illustrate the extent of the span-
wise and chordwise gradients in Mach number. 1In practice, no attempt

is made to account for the effects of these gradients apart from eval-
uating the effective test Mach number on the basis of the relationship

\ o r1;/:2

The results of a complementary investigation conducted primerily
to study additional effects that Mach number gradients msy bave on the
serodynamic characteristics as determined from bump tests are discussed
in part II of this paper.

The model is sttached to an electrical strain-gage balance mounted
inside the bump and is so arranged that the gep between the bottom of
the fuselage end plate and the bump surface is about 3/64 inch. The
chamber containing the balance is sealed and vented to an orifice on
the bump such that the static pressure in the chamber is roughly the
same as that existing over the bump. A small opening of a size suffi-
cient to allow an angle-of-attack range of about 16° is cut in the
vicinity of the wing butt of the model. Thils opening is covered by the
fuselage and its end plate. A photogreph of a typical wing-fuselage
model configuration mounted on the bump is shown in figure 3(c).

A unique arrangement (fig. 4) is used for measurements of the drag
at zero 1ift in order to minimize leakage and to avoid the use of an
end plate. 1In this arrangement, a foam-rubber wiper seal is sttached
to the model and rests against the underside of the cover plate and
effectively blocks off the small gap (about 1/16 in.) around the root
of the wing. The seal pressure must be carefully adjusted to avoid
friction effects, but this method, in general, has been Zfound to be
more satisfectory for drag determinations than any unsealed arvangement.

Models.- A drawing of the four bump models used in this comparison
is given in figure 5. Actually, data are being presented for six bump
models, two sets each for the A = 0° and 45° configurations and one
set each for A = 35° and 60° configuretions. The additional models
for the 0° and 45° configurations were constructed for the camplementary
investigation discussed in part II of this paper. These models were
made of steel and hence were stiffer than the original A = 0° and h5°
models which were made of beryllium copper. The bump data for these
additional tests have been included in the bhasic comparison, however,
because of certaein discrepancies in resulis.
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The fuselage used was made of brass and its ordinates are given in
table I. It was bent to conform to the bump. surfagg as indicated on

figure 5.

The various bump madels for which data are presented, as well as
the references from which the data were taken, are summarized in the
following table:

A
c/k Construction
(deg) Designation material Source
o Model 1 Beryllium copper | Reference 1
Model 2 Steel ) Unpublished
35 Model 1 Beryllium copper | References 2 and 25
45 Model 1 Beryllium copper | References 3 and 26
Model 2 Steel Unpublished
60 Model 1 Steel ; _ Reference 4

85ince the publication of references 2 and 3, drag at zero
1ift with the foam-rubber sedl was obtained for this
model and subsequently published in noted reference.

Corrections.- No Jet-boundery corrections have been epplied tq any
of the bump data. Corrections for fuselage base pressure were deter-
mined and found to be small. They have not been spplied to the datsa.

Except for the measurements of the drag at zero 1ift, no tare cor-
rections for the effect of the fuselsge end plate or leakage have been
applied to other components. Speclal tests, in which a few models were
investigated at seversl angles of attack while mounted without end
plates and with the foam-rubber seal attached, indicated small but
inconsistent tare effects on lift, pltching moment and drag due to
lift.

Sting Tests

The sting methods used in the Langley 8-foot high-speed tunnel and
the Langley high-speed T7- by 10-Foot tunnel are basically similar and
will be considered together in the following discussion. Additional
details regarding the 8-foot sting method of testing mey be found in
reference 7. '

I
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Method.- The tests were conducted In closed-throat, single-return-
type tunnels. In order to minimize interference effects between model
and support the models were mounted on a sting which is attached to a
supporting structure downstream of the test sections. A view of the
models mounted in the tunnels 1s shown in figure 3. The Langley high-
speed T- by 10-foot-tunnel tests were run at variocus angles of attack
through the Mech number range by employlng sngle-of-attack couplings,
whereas the 8-foot high-gpeed-tunnel tests were conducted by changing
angle of attack at a constant Mach number. The models are attached to
internal streln-gage balances.

Models.- A drawing of the sting models together with pertinent
dimensions is given in figure 6. The wings were constructed of aluminum
alloy except the A = 350 wing in the Langley 8-foot high-speed tunnel
and the” A = 45° wing in the Langley high-speed T- by 10-foot tunnel
which were made with a steel insert and bismuth-tin filler. The fuse-
lages were hollow and constructed of eluminum for the Langley high-
speed T- by 10-foot-tunnel configuration and of steel for the Langley
8-foot high-speed-tunnel configurstion. They were designed by cutting
off the rear portion of a body of revolution with a fineness ratio of 12
to form one with & fineness ratio of 10. (See teble I.)

Corrections.- The method of reference 10 was used to correct for
the effects of the model and its wske on Mach number and dynemic pres-
sure. No corrections due to sting interference, which are believed to
be smell, have been determined or epplied to the data. A representa-
tive account of interference effects as well as base-pressure messure-
ments are presented in reference T for the 8-foot-tunnel models. Base-
pressure corrections to dreg were determined at zero angle of attack
and have been applied to both the 7- by 10-foot-tunnel data and the
8-foot tunnel data. The drag at zero. 1ift, therefore, corresponds to
free-stream static pressure at the base of the fuselage. The correc-
tion to the drag coefficient was of the order of 0.002.

Effect of Flexibility

When the angle of sweepback is appreclably increased, the influence
of wing flexibility on the aerodynamic characteristics becomes increas-~
ingly important. It follows, therefore, that comparisons of aserodynsmic
data for swept wings from different test facilities become exceedingly
difficult because of differences in model construction, methods of
mounting, and testing techniques. In order to obtain some idea of the
effect of wing model flexibility on the aerodynamic results, two of the
7- by 10-foot-tunnel bump and sting wings (A = 45° and 60°) were
loaded with a simulated elliptical-type loading along the guarter-chord
line. The angle of attack at several spanwise stations was measured
while the models were statically loaded. As an example of the results

R
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obtained, a deflection diagram for the A = 600 sting mo%fl.is_shown
in flgure 7. Correction factors for the Iift-curve slope 03;1 and
the aerodymamic center ¥ Gﬂhn/BCL) have been evaluated from such dia-
grams for these wings and arepresented in figure 8. The reason the

generally wesker sting wings fgi = 45° steel imsert; A = 60°, aluminum),
have a smaller correction to Lo t}han the steel bump wings is ettri-

buted directly to the method of: support. The T- by l0-foot-tunnel
sting wings are mounted sbout a point 10 percent semispan ocutboard of
the fuselage center line, whereas the bump wings are mounted about a
point inside the bump 25 percent semispan frém the fuselage center line.

Inasmuch as the 8-foot-tunnel models are similar in construction .

and mounting to the T7- by 10- foot-tinnel models, ‘the same correction
factors are applicable to the 8-foot-tunnel results.

RESULTS AND DISCUSSION

The results of the basic compérison are“éﬁﬁhafiied'zn the
followling figures:

Figure
Basic wing-fuselage force and moment data:
A = 0° Jconfiguration . . . . . ..o e e e el 9
A= 35 configurafion .« ¢ v ¢ ¢« 4 4 4 b 4 4 e e e e e e e e . .10
A =45 configuration . « + v ¢ v 4 v 4 e 4 e 4 e e e e . .11
A=60° configuration . v v + 4 v 4 v b b e e e e e e e e . .12

Zero-1ift drag variation with Mach number: :
Bump and sting results for -. . Sm e m T

Wing-fuselage, all configurations s
Fuselage BlONE « . v v & « & & v o « o o o o o o o o« o &« « « « LU

Bump, sting, and rocket results for - _
= U5 configuration .« « « 4 4 4 v b e e e e e e e e e .. .15

Basic aerodynamic parsmeter comparisons:
ClL, 8nd Cp/Cr against M . . . . . . . o v v v v oW .. .16

Aerodynamic parsmeter comparisons with estimated aeroelastic
corrections applied:
Cr,, and aCm/BCLagainstM.................l"(

The existence of nonlinear variations of CI, and Cm with o
decreases the significance of the comparison of the parameters Clg
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and BCm/BCL because of the difficulty in ascertaining slopes. For
the comparisons presented in this paper the slopes were averaged
through zero 1lift over an angle-of-attack range up to an angle at which
obvious departures from linearity occurred. Accordingly, the slopes
presented In this comparison paper may not be in exact quantitative
agreement with those presented in the basic reference reports.

o° Sweep Configuration

Lift.- The variation of 1ift with angle of attack is approximately
the seme for all models (fig. 9(a)) although quantitative differences
are evident especilally at the higher angles of attack. In the lower
1ift range the sting models exhiblt a somewhat more rapid variation of
lift-curve slope with Mach number than the bump model, particularly in
the vicinity of the force break (fig. 16(a)). Also varistions in 1ift
coefficlent, especially in the vicinity of s, CLpgx, &re more pronounced

for the sting models although the actual values of CLm;;_jare in fair

sgreement., It is perhaps to be expected that the agréEﬁEﬁt in 1if%t is
generally poorest wherever the 1ift changes are most rgplid. Bump
model 2 agrees a little better with the sting-mounted data than the
original model 1 (reference 1)}. Some of the factors that are partly
responsible for the lack of duplication in bump results are dlscussed
in part II of this‘'paper. In this regard, however, it should be noted
that small differences are also evident in the two sets of sting data,
particularly in regard to the variation of CLg , with M (fig. 16).
8~

Pitchling moment.-~ For the most part the variations of Cp with C(Cf,
(fig. 9(b)), particularly the rapid variation at high values of Cy, are
in practicel sgreement for all models up to Mach numbers at which rapld
rearward movement of aerodynsmic center occurs (about M = 0.85 in
fig. 16(b)). As regards serodynsmic-center position, tie bump models
are In good agreement with the T- by 10-foot-tunnel sting data, whereas
the 8-foot-tunnel sting results indlicate a more forward serodynamic-
certer location at Mech numbers below 0.85. However, above M = 0.85
the bump results and the 8-foot-tunnel sting results are in good agree-
ment throughout the subsonic Mach number range as well as in the upper
transonic speed range near M = 1.2,

Drag.- Drag due to 1ift (fig. 9(c)) is in good agreement for all
models except In the meximm 1ift renge. The lower drags Iindicated by
the 8-foot-tunnel sting model at the higher 1ift coefficients asre s
result of the lower angle of attack required to sustaln these 1ift
coefficients. l\og\

Ty
The varistion of CDL—O with Mach number for the A = 0° wing-
fuselage configurations’ ffig. 13) appears to be in good agreement, but
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the bump models exhibit a considerably higher value of drag throughout
the Mach number range then do the sting models. It was the high drag
obtained with the bump model in the original investigation (reference 3),
even when a sponge wiper seal was used to avoid leskage end end-plate
effects, that prompted the comstruction and investigation of bump

model 2. The results of the two bump tests, however, seem to be in
excellent agreement. Roughness applied to the bump model wings in an
effort to simulate the type of boundary-layer transition likely to

occur at a high Reynolds number was of little value for this model and
the application of roughness resulted in even higher vslues of drag.

The high absolute drag obtalned with the bump model is attributable,
in part, to the high drag obtained with the fuselage zlone., Fuselage-
alone drag data as obtained by the bump method are compared with fuselage
drag dats from other sources in figure 14. Not.only does the fuselage-
alone bump drag appear to be about twlce as great as that obtalned from
wind-tunnel and drop tests_(reference 11) but the variatlion with Mach
nunber above M = 1.0 appears to be unrellable. ¥For thls reagon, the
variation of drag with Mach number at Mach numbers in excess of 1.0 for
any of the bump wing-fuselage configuretions should be used with caution.
It is believed that the high fuselage drag is largely a result of the gap
between the fuselage and the bump surface inasmuch as the drag caused by
the base pressure wag found to be small.

35o Sweep Configuration

Lift.~ In regerd to the variation of 1i1ft with angle of attack, the
bump results and the T- by 1O0-foot-tunnel sting results are in good
agreement (fig. 10(a)) and both exhibit higher lift-curve slopes than
the 8-foot-tunnel sting model (fig. 16{(a)). The differences in 1ift
behavior exhibited by the two sting models in the lower angle-of-attack
range are somewhat surprising even when the slight changes in wing sweep
angle (2.4°) are considered (fig. 6). The reasons for these discrep-
ancies in 1ift behavior are not known at present. It is evident also
that while the 1ift varistions at the higher 1ift coefficients are
similar for the bump model and the 8-foot-~tunnel sting model, the rapid
changes in 1ift for the 8-foot-tumnel sting model are delsyed to a
higher angle of attack, perhsps because of the higher Reynolds number
of the 8-foot-tunnel data.

Pitching moment.- The bump model and the two sting models exhibit
gimilar trends in pitching-moment behavior in the lower 1lift range but
the 1ift coefficlients at which rapid changes in pitching-moment behavior
occur are higher for the 8-foot~-tunnel sting model (fig. 10(b)). The
bump data give an aerodynamlc-center position about 5 percent more rear-
ward than the sting models at the lower Mach numbers (fig. 16(b)) and
indicate a less rapid rearward movement with Mach number than was

i,
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obtained with the 8-foot-tunnel sting model. At supersonic Msch numbers
the bump and sting resulis are in fair guantitative agreement.

Drag.- The drag due to 1lift (fig. lO(c)) indicates similar trends
for a1l models and reflects the differences in 1ift behavior previously
noted. The variation of CDL —g with M (fig. 13) for the bump model

is more rapid below the Mach number for drag rise and less rapid in the
vicinity of drag rise than that for the sting models., It is of interest
to note, however, that the drag vaeriation obtained with the bump wing-
fuselage configuration is similar to that obtained for the bump wing
alone (reference 5).

k5° Sweep Configurstion

Lift.- The 1ift characteristics of the two sting models are in
very good agreement (fig. 11(a)), particularly in regerd to the varia-
tion of the mean lift-curve slope with Mach number (fig. 16(a)}). The
45° configuration is flexible enough to require consideration of aero-
elastic effects on lift-curve slope. These corrections have been
estimated for the 7- by lO0~-foot-tunnel sting model and for bump model 2
(fig. 8) and have been epplied to the data in figure 17(a). Inasmuch
as the T- by 10-foot-tunnel sting date and the 8-foot-tumnel sting data
are in good basic agreement, the corrected values given in figure 17(a)
can be assumed to apply to the 8-foot-tunnel data also.

The bump. models appear to be in general qualitative agreement with
the sting results. It will be noted, however, that the bump models give
somewhat higher lift-curve slopes (fig. 16(a}) and indicate a more linear
variation of 1ift with angle of attack in the higher angle-of-attack

range (fig. 11(a)).

Pitching moment.- The.pltching-moment behavior exhibited by the
various models is perplexing (fig. 11(b)). Even the sting models indi-
cate some differences, especially in regard to serodynemic-center posi-
tion (fig. 16(b)). The development of an unstable pitching-moment
variation at a very low value of Cr for bump model 1 was regarded
with suspiclon when originally obtained (reference 3}, but check tests
made at that time produced similer results. Subsequently, bump model 2
was constructed for the bump-wall comparison discussed later in this
paper and gave the type of pitching-moment variation shown in fig-
ure 11(b}. It is evident that for bump model 2, the onset of the
unstable pitching-moment variation has been delayed to higher 1ift
coefficients and is in better accord with 8-foot-tunnel sting data in
this respect. The aerodynamic center is, however, somewhat more rear-
ward than was obtalned for other models (fig. 16(b)). The pitching-
moment datas in reference 12 indicate that, in the Reynolds number range

w
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of the bump tests, surface conditions can result in a forward movement
of the serodynamic center of several percent; whereas, at the higher
Reynolds numbers (greater then 1 X 10 ), roughnese has little effect.
It 1s interesting to note that the application of roughness to the
8-foot-tunnel sting model (reference T) and to the T- by 1l0-foot-tunnel
sting model (unpublished) alsc had little effect on aerodynsmic-center
position,

The corrections to the aerodynamic-center location attributable to
aeroelastic effects (figs. 8 and 17(b)) appear to be rather small for
this configuration and are not an important factor in explaining the
discrepancies obtalned.

Drag.- Drag due to lift (fig. 11(c)) is in good agreement for the
two sting models. Bump model 2 is in fair agreement with the sting
results, but the originally published drag dats for bump model 1 indi-
cate definitely lower drags in certaln portions of the 1ift range,
particularly st the lower Mech numbers.

The differences observed in the zero-l1ift drag variation with Mach
number for the two bump models (fig. 13) are probaebly a result of
changes In fuselage drag inasmuch as the wing- alone dreg for the two
models is 1n excellent agreement (compare fig. 15 of reference 6 with
fig. 21 of this paper). The inconsistencies in these wing-fuselage drag
data agaln emphasize the difficulty encountered in measuring the drag of
half-bodies of revolution by the bump method.

A comparison of the drag at zerc 1lift utilizing the results of
rocket model tests of the 45° configuration, reference 8, is presented
in figure 15. The abnormslly high fuselage-alone drag obtained on the
bump (fig. 1L} makes = comparison in the transonic range difficult even
when compared on the basis of wingefuselage minus fuselage drag. It
appears that the bump model does not reflect the peak drag obtalned with
the rocket configuration in the vicinity of M = 0.98. This peak drag
has been traced to interference effects between the wing and fuselsge
(reference 8). Inasmuch as the fuselage-alone drag i1s considered
questionable from bump tests, it 1s not surprising that such lnterference
effects are not observed 1n the bump data.

60° Sweep Configuration

Lift.- The 1lift characteristics are in essentiasl sgreement
(fig. 12(a)) although the bump model fails to reveal the nonlinearities
exhlbited by the sting models at the low angles of attack, This fact is
perhaps respongible for the slightly higher wvalues of lift-curve slope .
obtained for the bump model (fig. 16(a)). The corrections for flexibility

T—
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do not appreciably affect the comparison in regard to lift-curve slope
(figs. 8 and 17(a)).

Pitching moment.- It is, the pitching—moment behavior of the 60°
configuration that exhibits the largest discrepancies encountered in
this comparison. The sting models are in falr agreement at the higher
angles of attack (fig. 12(b)) but exhibit different pitching-moment
slopes in the lower 1ift range (fig. 16(b)). These differences are
small, however, compared to the extremely rearward aerodynamic-center
position indicated from bump data. The bump date also indicate unstable
pltching moments occurring at considerably lower 1lift coefficients than
the sting models. This result does not appear to be a sole consequence
of the low Reynolds number of the bump tests inasmuch as unpublished
tests of the T- by 10-foot sting model in the Langley 300 MPH 7- by
10-foot tunnel at a Reynolds number of ebout 500,000 indicated similar
characteristics to those shown for the T- by lO-foot sting model
at M= 0.T.

It is belleved that the indicated differences for the sting models
at the low lift coefficients may not really be present. It was neces-
sary to fair the B-foot sting data with considerably fewer points than
were availsble for the 7- by 10-foot sting data, and wherever nonlinear
variations occur a grest many points are necessary to define the -char-
acter of the nonlineasrity. Essentially, therefore, the sting deta are
in good sgreement and the important feature of the comparison is found
in the considerably more rearward serodynsmic-center position obtained
with the bump model. A considerable portion of the discrepancy in
aerodynamic-center location is attributable to the larger aerocelastic
effects experienced by the sting model (fig. 8). The estimated effect
of the wing flexibility on the sting model results was to move the
aerodynemic-center appreciably rearward as shown in figures 16(b) and
17(b). It will be noted, however, that the flexibility for the bump
model is rather small and that the aerodynamic center indicated for the
bump model is still comsiderably more rearward than for the sting model
even when the flexibility of both models is considered.

It is believed that the more resrward aerodynamic-center location
obtained on the bump model for highly swept wings is also closely
related to the effect of the bump curvature. For the 60° bump model
the spanwise variatlon of sweep angle due to the curvature of flow is
shown in figure 18. Thus, the root sections are operated in excess
of 60° whereas the tip sections are operated at sweep angles of less
then 60°. The effect of this sweep variatlon on the span loading has
been estimsted end 1t hes been determined that, although the effect of
this sweep variation on lift-curve slope was small the serodynamic-
center position was moved about 5 percent of the mean serodynamic chord
rearward. This correction hes been noted on figure 17(b) for M = 0.7
end 1t is seen that much of the discrepancy in the pitching-moment



14 - —— NACA RM L50HO2

slope exlsting between the sting and bump results at this Mach number
appears to be accounted for. Although 1t is realized that these factors
mey not be entirely responsible for all the discrepancies attributed to
them, the indications are that: (1) highly swept models tested on the
bump used in this comparison ere apt to result in considerably further
rearward movements of the aserodynamic center than would be anticipated
and that (2) large differences in aerocelastic effects can appreciably
modify comparisons of data obtained in different test facllities.

Drag.- Drag due to 1lift is in fair agreement (fig. 12(c)) but the
drag at zero 1ift (fig. 13) is considerably higher in absolute magnitude
for the bump model than that obtalned on either of the sting models,
although the results do exhibit the very small varilation with Mach num-
ber that would be expected for this wing.

General Remarks on Date Comparison

Degplite the differences that have been noted in the comparison of
the separate configurations, a cross-comparison of the data for the Oo,
35°, 459, and 60° configurations indicates that the bump model results
exhiblt about the same gualilitative effects of sweepback and Mach number
on the aerodynamic characterlstics of the wing famlly except for drag
at zero lift. Important quantitative difference in the results are
evident, however. In general, wherever sudden changes in 1lift, drag,
and pitching moment occurred, the bump model results indiceted less rapld
changes with Mach number and angle of attack than the sting model results.
(See, for example, figs. 9, 13, 16, and 17.) The bump data generally
resulted 1n higher lift-curve slopes than were obtalned from sting dats,
and the variation of lift-curve slope with Mach number was less rapid
than sting dats Indlicated. Drag at zerc lift as obtained from the bump
data for the wing-fuselage combinations and for the fuselage alone does
not sppear to be reliable as regards either the absclute value of drag
or the rate of drag increase with Mach number in the neighborhood of the
drag rise Mach number. It will be shown subsequently in this paper that
this result is largely attributable to fuselage dreg results. On the
other hand, drag due to 1lift was generally 1n falr agreement for the bump
and sting models except where discrepancies exiasted 1n the angle of attack
required to support the same 1ift. The position of the aerodynamic center
a8 determined from bump tests appears to be more rearward than sting
model date indicate, especially at the higher sweep angles, but differ-
enceg in the flexibllity of the models used make comparisons of aerodynamic-
center position difficult because of aerocelastic effectis.

Although distinguishing trends are evident in the data, the results
of a comparison of only four models do not permit detalled conclusions
to be drawn regarding the reliability of bump data in general. It
appears almost essential to examine each model individually because of
the many factors involved in comparing the results obtained from one
technique with those of another.

——
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General Remarks on Test Methods

In comparing the results obtained with similar models in different
test facilities, it 1s usually not posslible to control test conditions
closely enocugh so that differences in results can be attributed to a
unique factor. A list of some of the factors that must be considered
in evalugsting the results obtained by various test methods would include
the following items:

1. Mach number gradients
(2) Spanwise
(b) Chordwise

. Flow curvature

. Boundary lsyer at model

2
3
4, Flow leakage sbout model Reflection-plane technique
5. End-plate conditions

6

. Flow steadiness
T. Humidity conditions
8. Reynolds number of test
9. Accuracy of model construction
10. Flexibility of model

AT1 of these items are perhaps not of equael importance for all test
methods, but each test method must be examined for those factors most
likely to influence the results obteined by that method. Thus, it is
evident from the Mach number gradients shown in figure 2(a) that
items 1 and 2 constitute Important defects in the bump method of testing,
gt least for the pasrticular bump referred to in this paper. Items 3,

L4, and 5 sre important considerations for any method utilizing the
reflection-plane technique and perhaps essumed more critical roles in
bump testing beceuse of the presence of items 1 and 2. TItems 6, 7, 8,
9, and 10 are lmportant considerations in any test method. Little i=s
known concerning the effects of flow steadiness, item 6. Humidity cone
ditions, item 7, are not belleved to be an important factor in the com-
parlson presented in this paper because of the elevated temperatures at
vhich the wind tunnels were operated {reference 7). The low Reynolds
number of bump tests, item 8, has always been considered one of the
major deficiencles of this method of testing (fig. 1). Accurascy of
model congtructlon, item 9, becomes relatively more important in bump

.



16 W NACA RM L50HOZ

investigations because the small size of the models requires preclsion
workmanship not only in regard to constructing models but in positioning
them for tests. '

It has not been possible to control test conditions on the bump
closely enough to permit isolation of the influence of the many factors
involved., It has been possible, however, to examine the Importance of
Mach number gradients and flow curvature (items 1 and 2) by investigating
the bump models on a reflection plane in the Langley high-speed T- by
10-foot tummel. The test conditions for this arrangement were practi-
cally the same as the bump test conditions except that there was no
flow curvature and relatively small Mach number gradients compsasred to
the bump. It wes not possible, however, to obtain as high Mach numbers
with this arrangement as was possible with the bump method.

An Investigation to examine the effects of Mach number gradients
and flow curveture on the bump results 1s described In the following
section. '

PART II - EFFECTS OF MACH NUMBER
GRADIENTS AND FLOW CURVATURE

ON BUMP RESULTS
DESCRIPTION OF WALL REFLECTION-PLARE TECHNIQUE

Models and method.- The two models that were used in the bump-wall
investigation were the 0° and 145° models shown in figure 5. The wings
of these models were of steel and were especially constructed for this
investigation. The models were tested on the bump and on the wall
plate as wings alone and in combination with the fuselage. Figure 3(d)
shows one of the models mounted on the reflectlon plate. The plate was
fastened to the wall of the Langley high~speed T~ by 10-foot tunnel and
was located so as to bypass the tunnel boundary layer. The length of
the plate was such that the boundary layer at the model position was
approximately the same as that existing at the model location on the
bump. Every effort was made to meke the well and bump installation
similar by duplicating details such as mounting brackets, end-plate,
and gap conditlions. For the well tests, the fuselage was not curved
as shown In figure 5. e

Test conditions.~ The velocity fleld in the vicinity of the models
is shown iIn figure 2(b). For the Mach numbers indicated, it is evident
that the veloclty gradlents ere very much less than those occurring on
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the bump at similar Mach numbers and are principally chordwise gradients,
vhereas the bump gradients are predominsntly spanwise. For Mach numbers
below M = 0.95, the flow fleld was essentially free of any velocity gra-
dients. The wall reflection-plane méthod 1s essentially the same as the -’
bump method. The maln tunnel flow remains subsonic for all test Mach
numbers below M = 1.08 at which value a Mach number of 1.0 is cbtained
on the opposite wall from the plate. By testing these models on the wall
plate, it was hoped that most of the itemized factors would be duplicated
in the wall and bump tests except items 1 and 2. Actuselly, it was not
possible to achieve thls end completely. Nevertheless, 1t was belleved
that by having the seme Reynolds number for both tests (see fig. 1), one
of the principal uncertainties in the data comparison would be eliminsted.

RESULTS ARD DISCUSSION

A comparison of the results obtained by the wall reflection-plane
method and the bump method is contailned in the following figures:

_ ~ Figure .
Wing-alone and wing-fuselage characteristics:
A = 0° configuration e & 4 & % 8 s o & 8 8 & s+ o4 s e s s 2 e s 19 |
= 45 configuration . . ¢ ¢ ¢ ¢ ¢ et 4t e 4 e e o« s s 4 e o 20"
Varietion of drag at zero 1lift with Maech number . . . . . . . . 21 -
Cr, and BCm/BCL ‘against M:
A=o°...........................ee(a)-
=l‘l'5 .--.--..-u.--:---..-on---..22(b)
Comparison with 8-foot sting data . . & & ¢ ¢ v ¢ v 2 & o « o & 23

The bump data presented in the preceding figures are the same as
that presented for bump model 2 in figures 9 and 11.

0° Sweep Configurstion

Lift.- Simliiar trends in the over-all varistion of 1ift with angle
of attack are evident (fig. 19(a)) although bump data consistently
indicate = somewbat less rapid varlation of 1ift at the angles of
attack near® Cr,... It has been noted previously (fig. 9(a}) that this

wing appears to be particularly sensitive at the high angles of attack,
80 that differences in results between the bump and wall tests in this
angle-of-attack range sre not too surprising
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For the wing alone, the lift-curve slopes as determined from wall
data (fig. 22(a)) are in excellent agreement with theoretical values
determined from ‘reference 13. It will be noted, however, that the 1lift- -
curve slopes for both the wing and wing-fuselage configurations as
determined from bump data are somewhat higher than the values determined
fram the well data. ' o

Pitching-moment.- The pltching-moment characteristics are in goocd
qualitative agreement, particularly for the wing-fuselage configuration
and especlally as regards the 1ift coefficient at which rapid cheanges
in lift ccefficients occur (fig. 19(b)). Bump data appear to give a
slightly more rearward aserodynemic-center location (fig. 22(a)), _
although estimated theoretical values of serodynamic center overlap
both sets of wing-alone data. The theoretical aerodynaemic-center loca-
tions were approximasted by applylng a correction factor for the effect
of chordwise loading, as estimated from reference 1k, to the velues as
determined from reference 13. '

The variation of Cpy 1, with Mach number is in good agreement
for both the wing-alone and the wing-fuselage configurations. It is of
interest that both test methods indicated sbout the same change in .
serodynamlc-center position attributable to the fuselage despite the _ _
fact that the fuselage was curved for the bump tests. .

Drag.- The drag due to 1ift (fig. 19(c)) 1s in good agreement
except at the higher values of C(j, where the higher angles of sttack
required for the wall models resulted in greater drag increments.

It was in the drag at zero lift that the effects of the Mach number
gradients and curvature have been expected to bé most evident (fig. 21).
The combined effect of these factors resulted in somewhat higher drags
for the bump results for both wing alone and wing-fuselage configurations
but the rate of drag rise in the transonic range was only slightly less
rapid than that obtained on the wall. The wing-alone wall results are
in goad agreement with the drag data determined from.rocket model tests
made by the Langley Pilotless Alrcraft Research Division of a wing of
zero sweep, taper ratio 1, and aspect ratio 3.7 mounted on a cylindrical
fuselage, for which interference effects are small (unpublished).

It will be noted alsc that the effect of the fuselage on the drag
at zero 1lift 1s essentially the same for the bump eand wall tests. The
fuselage-alone drag as measured on the wall, is in agreement with the
bump fuselage data (fig. 14), except above M = 1 where the wall fuse-
lage drag increases more rapidly because of the increased longitudinal -
velocity gradient at these Mach numbers (fig. 2(b)). In any event,
neither the fuselage-alone nor the wing-fuselage drag is very reliable .
The wing-fuselage drag indicated for the sting models (fig. 13) is more o F
nearly obtained if the wing-alone drag (fig. 21) is added to the sting

-"
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45° Sweep Configuration

Lift.- The agreement in 1ift characteristics for the wing-alone
data for the bump and wall model 1s very good both with respect to 1lift-
curve slope (fig. 22(b)) and the 1lift behavior at the higher angles of
attack (fig. 20(a)), although both sets of data give somewhat greater
values of lift-curve slope than would be determined from theory (refer-
ence 13). Tke results for the wing-fuselsge combination also show excel-
lent agreement as regards lift-curve slope (fig. 22(b)) although in this
case differences in 1ift behavior are evident at the higher angles of
attack, perhsps indicating that wing-fuselage interference effects are
critical,

Pitching moment.- The piltching-moment behavior for both wing-alone
and wing-fuselage configurations is generslly Iin very good agreement as
regards the character of variationm of Cp with Cr, particularly =at
the higher values of CI (fig. 20(b)); however, the bump results do
indicate a more rearward aerodynamic-center position (fig. 22(b))} of
almost a constant amount throughout the Mach number range as compared
with either wall date or theory. As for the A = 0° wing, the theo-
retical velues have been approximated by epplying chordwise correction
factors estimated from reference 1li to the serodynamic-center positions
determined from reference 13.

The fact that the difference in aerodynamic-center location is
elmost & constant value at 81l Mach numbers polints to the possibility of
an error in positioning of the models relative to the axes of moments.
It would teke, however, a relative error of about 0.10 inch to account
for this difference and the models are believed to be located correctly
to within at least 0.0l inch. Some of the differences, therefore, might
be attributed to the effect of Mach number gradients. The effect of
fuselage curvature would not appear to be so important in this case
inasmuch as the same result was obtalned for the wing-alone tests.

Drag.- The drag due to 1ift agrees well in the low 1lift range but
differences are evident at the higher value of (1. (fig. 20(c)). How-
ever, 1t 1ls especially difficult to measure accurate values of drag at
the higher values of C1, because of flow unsteadiness. Therefore, some
of the drag differences shown may well be within experimental accuracy.

The drag at zero 1ift for the 45° configuration (fig. 21) shows
similar trends to those observed for the 0° configuration and the notable
effect of sweepback in diminishing the rate of drag rise is reflected in
both sets of data. The drag determined for the wall tests is slightly
lower at the lower Mach numbers but the rate of drag rise for the 45°
configuration is in excellent sgreement for both models, indicating
little effect of Mach number gradlent or curvature. The agreement
between the wing-slone results and the rocket dats is noteworthy,
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particulerly in view of the differences in Reynolds number. The rocket
drsg dats used in this comparison are unpublished and differ from those
presented in reference 8 (and used in fig. 15), in that a fuselage
having a cylindrical section at the wing root was used instead of the
fuselage described by table I.

Comparison with Sting Date

A comparison at several subsonic Mach numbers of the bump, wall
and 8-foot sting data 1s presented in figure 23 for the C° and 45° wing-
fuselage configurations.

For the 0° configuration, the 1lift characteristics, particularly at
high angles of attack, are somewhat different for all three methods.
For the 45° configuration, however, the agreement in 1ift between 8-foot
sting results and wall results is very good. The pitching-moment char-
acteristlics exhibited by the wall model appear tc agree with the 8-foot
sting results for the 45° configuration, particularly as regards (1)
the 1lift coefficlent at which the moment curve breaks unstable and (2)
the aerodynemic-center position and its change with Mach number. The
wall data for the 0° configuration, on the other hand, are in no better
agreement with the 8-foot sting results than the bump data.

The drag due to lift does not show any extreme differences
(fig. 23(c)) and, as far as the drag at zero 1ift is concerned, neither
the bump nor wall deta for wing-fuselage drag cen be consldered
reliable because of the extremely high drag obtained with the fuselage
alone (fig. 1h4).

CONCLUSIONS

Based on a study of the aerodynamic charascteristlcs of a family of
four wing-fuselage configurations of 0°, 35°, 45°, and 60° sweepback as
determined from bump model tests, sting-supported wind-tunnel model
tests, and a few rocket model tests, the followlng conclusions are
indicated:

1. Qualitatively, the bump model results and the sting model
results Indicated about the same relative effects of sweepback and Mach
number on the aserodynamic characteristics of the wing-fuselage family
except Tor drag at zero lift. Quantltatively, significent differences
in results were evident. In general, wherever sudden changes in 1ift,
drag, and pitching moment occurred, the bump model results indicated
less rapld changes with Mach number and angle of asttack then the ating

model results.
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2. Lift-curve slopes as determined from bump model tests were
generglly a little higher, and the veriation with Mach number somewhat
less pronounced, then were obtained from sting-model tests.

3. Drag due to 1ift was generslly in falr agreement for the bump
end sting models, but discrepancies were evident whenever differences
occurred in the angle of attack required to support the same 1ift.

4. Drag at zero 1ift as determined by bump tests for either the
fuselage alone or for the wing-fuselage comblinations, 1s considered to
be unreliable because of exhibited dlscrepancies with the results of
sting model tests and rocket model tests, particularly at Mach numbers
above 1. However, wing-alone drag as determined from bump models
appeared to agree well with availagble rocket model data throughout the
transonic range.

5. Aerodynemic-center position as determined from bump data was
generally more rearward than was found from sting model results,
particulerly for the 60° sweep configuration.

6. A study of the effect of Mach number grasdient and bump curvature
on the bump results indicated that the principal effect of these factors
on the wings investigated was to move the serodynemic-center position
somewhat more rearward. No consistent effect of these varisbles was
noticed on other serodynasmic parameters.

T. It was importent in comparing the results obtained in the
different test facllities to conslder the relative flexibility of the
model instaellations because the aercelastic effects exhibited were
sufficiently different in some cases to affect the comparison, partic-
ularly in regard to aerodynamic-center position.

Langley Aercnautical Laboratory
National Advisory Committee for Aeronautics
Langley Air Force Base, Va.
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TABLE I.— TRANSONIC FUSELAGE ORDINATES

Eaasic fineness ratio 12 actual fineness ratio 10
achieved by cutting off the rear one-sixth of

the bod:a

}
Ordinates L
x/z r/z x/7 r/Z
0 0 0 o)
.005 200231 211500 . «0h1h3
.0075 .00298 «5000 +0L167
0125 00428 «5500 .04130
.0250 »00722 »6000 .0ho2)
. 0500 .01205 6500 .03842
.0750 .01613 » 7000 .03562
21000 01971 . 7500 .03128
.1500 .02593 .8000 .02526
.2000 .03090 .8338 . 02000
«2500 .03L65 »8500 .01852
+3000 .037h1 5000 .01125
«3500 .03933 .9500 00439
4000 .0L063 1.0000 0
L. E. radius = 0.0005 SRR
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Figure 1l.- Variation of Reynclds number with Mach number for various
test technigues.
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Figure 3.- Photographe of e wing-fuselage model mounted in four
different test facilltles.
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Figure 4.- A view of a wing model mounted on the transonic bump
showing the foam-rubber wiper sesl.
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7'x 10" Sting Wing
A=60° (7557 Aluminum)
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Figure 11.- Wing-fuselage aerodynamic characteristics as determined from
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retio 4, taper ratio 0.6, and NACA 658006 airfoil section parallel to
free stream.
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